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ASA’s commitment to achieving new 

commercial applications for commu- 

nications satellite technologies is re- 
flected in the Direct Broadcast Satellite—Radio 
(DBS-R) program, a three-year, $2.5 million pro- 
gram established in May 1990 by interagency 
agreement between NASA and the United States 
Information Agency/Voice of America (VOA). 
NASA’s contributions to this program, which is de- 
signed to provide service and technology definition 
and development for direct-to-listener satellite 
sound broadcasting, reflect the combined efforts of 
the Lewis Research Center, NASA’s lead center for 
commercial communications, and the Jet Propulsion 
Laboratory, where research in mobile, micro and 
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The Satellite Communications (SATCOM) Program is managed by the Jet Propulsion Laboratory for 
the National Aeronautics and Space Administration. The goals of this Program are to develop advanced 
system concepts and technologies in the areas of mobile, micro and personal communications. A major 
thrust of the Program through the mid-1990s is the development of the mobile terminal to operate with 
NASA’s Advanced Communications Technology Satellite. 


personal communications is conducted under the 
SATCOM Program. These efforts are accom- 
plished with the support of NASA’s Office of 
Commercial Programs. 

A direct-to-listener satellite radio broadcast- 
ing service has been discussed within the interna- 
tional telecommunications community for many 
years [1-9]. Recent developments in digital and 
mobile communications satellite and receiver tech- 
nologies, however, have greatly broadened the 
possibilities of such a service far beyond those 
originally expected. It is now envisioned that 
listeners will be able to obtain radio broadcasts in 
a variety of environments (indoor/outdoor, rural/ 
urban, mobile/stationary) at a variety of levels of 
sound quality — ranging from robust AM quality 
to compact disc quality — via digital transmission 
at a variety of data rates [10,11]. As a consequence 
of both substantial discussion over a period of 
years in the international telecommunications 
community and rapid technological developments, 
member nations of the International Telecommuni- 
cations Union will consider a frequency allocation 
to the Broadcast Satellite Service (BSS) (Sound) 
in the range of 500-3000 MHz at the 1992 World 
Administrative Radio Conference (WARC), which 
is a critical milestone in enabling implementation 
of the service [12]. 

Direct broadcasting of sound by satellite of- 
fers a number of potential benefits to listeners. Per- 
haps the most important of these is that wide-area 
coverage achieved via satellite broadcasting will 
present new opportunities for audience access to 
programming — particularly educational, cultural 
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or target-audience oriented — that may not be eco- 
nomically attractive to offer in any other way. The 
potential benefits of establishing a satellite sound 
broadcasting service have attracted the attention of a 
number of commercial communications companies 
interested in providing this service on either a domes- 
tic or international basis, and the attention of both 
national and international organizations engaged in 
development of broadcast programming [13]. 


Service and Technology Definition and 
Development for DBS-R 

NASA’s DBS-R program is designed to ben- 
efit the U.S. commercial communications satellite 
industry — and future DBS-R system users — via 
a structured program of service and technology 
definition and development. Program management 
is provided by the Communications Systems Branch 
in the Space Electronics Division of the Lewis 
Research Center. Efforts are focused on system 
definition, satellite experimentation and demonstra- 
tion, propagation measurements, receiver develop- 
ment, market and organization studies, legal and 
regulatory studies and preparations for WARC 1992. 


DBS-R System Trade-Offs 

The Jet Propulsion Laboratory is performing 
technical trade-off analyses to examine effects of 
various factors determining potential DBS-R sys- 
tem parameters. The system study effort has ex- 
plored various audio coding methods to identify a 
correspondence between the digital bit rate and au- 
dio quality. Rates from 16 to 32 kbps are identified 
with AM quality; 48 to 64 kbps may provide mono- 
phonic FM quality; 96 to 128 kbps will provide ste- 
reophonic FM quality; compact disc quality sound 
may be provided at 192 to 256 kbps. Exploration of 
a range of digital bit rates and a corresponding 
range in sound quality arises from the recognition 
that a number of important user needs, such as re- 
ceiving news, disaster warnings and educational/ 
cultural programming, may be accomplished at less 
than CD quality and at a correspondingly lower 
cost. The system study has characterized the effect 


of frequency on DBS-R satellite RF power require- 
ments, size and cost utilizing a model originally 
developed for MSAT studies and modified for 
DBS-R to accommodate variations in frequency, 
beam size, number of satellite beams, number of 
programs, link margin and program quality. Results 
indicate that within selected portions in the range of 
500-3000 MHz, the DBS-R satellite will become 
either weight or power limited, with corresponding 
increases in space segment cost. The system study 
has also contributed significantly to the develop- 
ment of DBS-R receiver requirements [11] . 


Satellite Experiment and Demonstration 

This winter, NASA hopes to provide a dem- 
onstration of satellite sound broadcasting to a mov- 
ing vehicle in the Washington, D.C., area. This 
demonstration is likely to be the first in the world to 
incorporate the satellite link in a live demonstration 
of sound broadcasting with mobile reception. Dur- 
ing the month of September, several weeks of ex- 
perimentation utilizing satellite capacity provided 
by INMARSAT, uplinking from the COMSAT 
Earth station facility in Southbury, Connecticut, 
were conducted to lay the groundwork for the dem- 
onstration. Experimental measurements will pro- 
vide valuable definition of interleaving requirements 
for DBS-R receivers and will further characterize 
the DBS-R mobile reception environment. NASA 
hopes to demonstrate the technical feasibility of the 
DBS-R concept to a number of invited participants, 
using demonstration programming provided by 
National Public Radio. Building on technology 
developed in its land mobile satellite research pro- 
gram, the Jet Propulsion Laboratory is concluding 
preparation of the experimental system for this 
end-to-end demonstration of satellite sound broad- 
casting to a mobile receiver. 


Propagation Measurements 

Through its ongoing propagation program at 
the Jet Propulsion Laboratory, NASA is sponsoring 
research by the University of Texas designed 
to characterize the propagation environment for 
DBS-R. Research objectives include determining 
spatial, temporal and spectral variations of signals 
within the environment of various structures and 
determining the degree of building penetration 


losses affecting indoor DBS-R reception. Measure- 
ments are being made in the 800—1800-MHz range 
of the spectrum and are extrapolated to an upper 
limit of 3000 MHz. Thus far, the research has re- 
vealed that indoor signal levels exhibit significant 
spatial and spectral structure; signal amplitude 
troughs of several dB, with widths up to 30 MHz in 
frequency and spatial distances up to 30 cm, were 
observed within a variety of building types. An im- 
portant implication of these findings is that small- 
scale antenna diversity in the DBS—R receiver may 
be a realistic approach to mitigating signal impair- 
ment in the indoor environment [14]. 


Receiver Development 

The VOA is sponsoring efforts by the Jet Pro- 
pulsion Laboratory to develop a low-cost DBS-R 
receiver capable of accommodating a range of digi- 
tal bit rates. Thus far, the results of system defini- 
tion studies and propagation research have been 
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design will be modular in order that enhancements 
such as antenna diversity can be added to the 
receiver’s core capability without requiring rede- 
sign [15]. 


Market/Organization Studies 

Lewis Research Center, with Contel Federal 
Systems, has explored market and organizational 
aspects of DBS-R system implementation — such 
as the demand for higher levels of sound quality 
and the cost-effectiveness of various levels of sys- 
tem capacity and sound quality. A transition to 
audio media of higher dependability and quality is 
evidenced on a worldwide basis. The design of the 
DBS-R space segment will depend both on the 
capacity to be offered and the operating frequency 
band(s), which will directly determine spacecraft 
antenna size and power requirements. A system 
offering a range of audio quality selections would 
provide the greatest flexibility in meeting DBS-R 


The VOA is sponsoring efforts by JPL to develop a low-cost DBS-R receiver capable of accommo- 


dating a range of digital bit rates. 


applied to defining fixed and portable receiver re- 
quirements. Selectable data rates of 32, 64, 128 and 
256 kbps, and hence selectable sound quality, will 
be implemented. A frequency division multiplexed 
signal with power and bandwidth efficient coding 
and modulation will be accommodated for different 
rate audio channels. Rate 1/2, constraint length 7 
convolutional coding will be implemented, provid- 
ing a powerful method of error correction and con- 
tributing to design simplicity due to the fact that the 
decoder is available on a single chip. Low cost and 
design simplicity are goals of the development 
effort, which is directed toward design and imple- 
mentation of a receiver prototype that is as close as 
possible to a readily producible model. Receiver 


user needs. While a lower capacity spacecraft is 
costlier to operate on a per-channel basis, it has the 
advantage of requiring a lower initial investment 
and shorter construction time and therefore may be 
attractive from a business perspective. The technol- 
ogy necessary to provide the space segment will 
largely be an extension of that developed for mobile 
satellite services; the greatest technological chal- 
lenge is represented by the development of DBS—R 
receivers, due to the fact that the DBS-R signal is 
subject to degradation by interruptions in the line of 
sight from satellite to receiver introduced by build- 
ings, tunnels or foliage. It is predicted, however, 
that receivers may be developed at costs ranging 
from $100 to $300 per unit that will provide for 
DBS-R reception on a mobile, fixed or portable 
basis [16]. 


Legal/Regulatory Studies 

Lewis Research Center, again with Contel 
Federal Systems, has examined domestic and inter- 
national legal and regulatory considerations affect- 
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ing establishment of a DBS-R service. Implemen- 
tation of DBS—R may take place in a variety of 
ways, depending in part upon the legal and regula- 
tory environment encountered. In the United States, 
which is one of the few nations that permits private 
commercial organizations to operate communica- 
tions satellites, one or more petitioners to the 
Federal Communications Commission (which regu- 
lates commercial usage of the radio frequency spec- 
trum in the United States) would require a license 
to provide such a service. There are several simi- 
larities between DBS-R and mobile satellite ser- 
vices; thus, it is possible that DBS-R will be 


with respect to opportunities for the U.S. satellite 
communications industry to participate in the offer- 
ing of a new service in the domestic sphere and, 
perhaps, in new spheres abroad [16]. 


Preparations for WARC 1992 

Building on previous national and interna- 
tional spectrum/orbit utilization activities for a 
variety of commercial communications satellite ser- 
vices, NASA’s Office of Commercial Programs 
and the Lewis Research Center are engaged in pro- 
viding technical contributions to both U.S. and in- 


DBS-R systems that are commercially financed and operated, and subscribe to common interna- 
tionally established technical guidelines, have the best possibility of being established within the 


domestic and international marketplace. 


regulated, in many ways, like the MSS. In particu- 
lar, since DBS-R will serve omnidirectional anten- 
nas for mobile reception, frequency reuse among 
different DBS-—R systems will require careful coor- 
dination. Therefore, the total number of DBS-R lic- 
ensees will depend in part upon the total amount of 
spectrum made available for DBS-R. A major con- 
clusion of this study is that systems which are com- 
mercially financed and operated, and subscribe to 
common internationally established technical 
guidelines, offer the best prospects for establishing 
DBS-R systems within the domestic and interna- 
tional marketplace. Results of the study have met 
with substantial attention on the part of U.S. and in- 
ternational DBS—R commercial communications in- 
terests, particularly within Europe, as the European 
Community nations have begun to explore regula- 
tory restructuring of satellite communications sys- 
tems. While a number of complex regulatory issues 
remain to be resolved, findings are encouraging 


ternational preparations for WARC 1992, which 
will consider a frequency allocation to the BSS 
(Sound). A frequency allocation is necessary to per- 
mit eventual implementation of a DBS-R service. 

The International Telecommunications 
Union, an organization within the United Nations, 
convenes periodic Administrative Radio Confer- 
ences to construct agreements among member na- 
tions on the use of the radio frequency spectrum, 
which is a limited resource. The World Administra- 
tive Radio Conference for Dealing With Frequency 
Allocations in Certain Parts of the Spectrum will be 
held February 3 through March 3, 1992, in Malaga/ 
Torremolinos, Spain. This Conference will consider 
a frequency allocation to the BSS (Sound) service 
in the range of 500-3000 MHz under Agenda item 
2.2.3(a). A number of domestic and international 
activities are underway in preparation for the Con- 
ference; NASA has been an active participant in 
these activities, fulfilling a statutory role in assisting 
the U.S. satellite communications industry by pro- 
viding technical expertise to the WARC preparatory 
process. 

Within the United States, Conference prepa- 
rations are under way on the part of the Department 
of State, the Federal Communications Commission 
and the National Telecommunications and Informa- 
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tion Administration, with the participation of NASA, 
other government agencies and industry. Currently, 
the United States is in the process of determining 
its position on a proposed allocation to the BSS 
(Sound) service. While it is agreed that an alloca- 
tion to BSS (Sound) is appropriate, the proposed 
allocation’s location within the spectrum is a very 
complex issue to resolve. The 500-3000-MHz por- 
tion of the spectrum is heavily utilized by a number 
of diverse communications services; it is difficult to 
locate a portion of the spectrum in which both exist- 
ing services and the BSS (Sound) service can oper- 
ate successfully. A number of options for a BSS 
(Sound) frequency allocation are currently under 
consideration. 

On an international basis, a number of organi- 
zations are also preparing for the WARC. The Inter- 
national Radio Consultative Committee (CCIR) 
provides the technical basis for the consideration of 
decisions at the Conference. CCIR Joint Interim 
Working Party 10-11/1, which met last year in 
Sydney, Australia, provided technical input on the 
issue of BSS (Sound) to the Joint Interim Working 
Party WARC-92, which met in Geneva this year to 
finalize the technical basis for WARC 1992. NASA 
contributed six of a total of nine U.S. inputs on the 
subject of the BSS (Sound) to CCIR JIWP 10-11/1 
and all U.S. inputs on this topic to JIWP WARC-92 
[17-25]. The telecommunications committee of the 
Organization of American States (CITEL) has also 
considered BSS (Sound); NASA has also contrib- 
uted to position and technical seminar papers on 
BSS (Sound) for CITEL and has provided a spokes- 
person for this issue in the U.S. CITEL delegation. 

NASA’s DBS-R WARC preparatory effort, 
as led by Lewis Research Center with contributions 
from the Jet Propulsion Laboratory, has provided 
substantial technical contributions to both domestic 
and international consideration of the optimal fre- 
quency allocation for the BSS (Sound). As WARC 
1992 approaches, NASA will continue to partici- 
pate in U.S. and international Conference prepara- 
tions on both the issue of a frequency allocation to 
the BSS (Sound) service and establishing a General 
Satellite Service at 20/30 GHz. 


Conclusion 

The NASA/VOA DBS-R program is de- 
signed to assist in creating opportunities for the U.S. 
satellite communications industry to provide a new 
service that will give a number of important ben- 
efits to its users. The program represents a focused 
effort to provide service and technology definition 
and development for DBS-R. Since the DBS-R 
program’s inception in May 1990, NASA’s Office 
of Commercial Programs, the Lewis Research Cen- 
ter and the Jet Propulsion Laboratory have achieved 
significant contributions in the development of a 
DBS-R service. In the months to come, the satellite 
demonstration, receiver development effort and 
WARC 1992 will provide further opportunities for 
NASA to contribute to making the benefits of a 
DBS-R service a reality. 
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Direct Broadcast 
Satellite—Radio System 
Trade-Off Study 


Nasser Golshan, DBS-R System Trade-Off Study Task Leader 
Jet Propulsion Laboratory 


here has been considerable international ef- 

fort in the areas of system studies, system 

development and regulatory work toward a 
Direct Broadcast Satellite-Radio (DBS—R) system 
[1-5]. An important milestone will be the 1992 
World Administrative Radio Conference (WARC), 
where consideration will be given to frequency al- 
location in the 5|00—3000-MHz range for such a 
service. 

There is an interagency agreement between 
VOA and NASA for a coordinated program on 
DBS-R. This program includes seven tasks: Sys- 
tems Trade-Off Studies, Propagation Measure- 
ments, Satellite Experiment and Demonstration, 
Receiver Development, Market Studies, Regulatory 
Studies and WARC Preparations. This article re- 
ports on some findings of the first task [4]. 


Digital Bit Rate and Audio Quality for DBS-R 

Considerable work has been done and prog- 
ress has been made in digital coding of 20-kHz 
audio due to ISO (International Standards Organi- 
zation) activity toward achieving bit rates under 
256 kbps for compact disc (CD) quality stereo 
music. Systems developed toward these objectives 
use either sub-band or transform coding and rely on 
the noise masking threshold of the human auditory 
system for efficient adaptive bit allocation schemes 
[6-9]. With these technologies, digital coding of 
music is feasible at bit rates in the range of 192 to 
256 kbps. 


One can significantly reduce the required bit 
rate by choosing a monophonic system, allowing 
degradation of the audio quality in bandwidth or 
dynamic range, or both. Based on the status of 
audio coding technology, the following grades of 
audio quality and bit rates have been identified for 
DBS-R applications [4]: 


¢ Digital broadcasting of monophonic audio with 
bit rates in the 16—32-kbps range with subjective 
audio quality comparable to AM broadcasting. 


¢ Digital broadcasting of monophonic audio with 
bit rates in the 48—64-kbps range with subjective 
audio quality comparable to monophonic FM 
broadcasting. 


¢ Digital broadcasting of stereophonic audio with 
bit rates in the 96—128-kbps range with subjective 
audio quality comparable to stereophonic FM 
broadcasting. 


¢ High-fidelity digital stereo broadcasting at bit 
rates in the 192—-256-kbps range with subjective 
quality approaching that of CDs. 


Propagation Considerations and 
Link Margin Estimates for Portable Reception 

The University of Texas at Austin performed 
DBS-R propagation experiments over the frequency 
range of 700 to 1800 MHz inside six buildings of 
various types and construction material. The results 
indicate strong spatial and spectral signal variations 
inside buildings [10]. The results may be summa- 
rized as follows: 


¢ The indoor signal levels were found to have 
much spatial and spectral structure but were rela- 
tively stable in time. 


When the signal level is displayed jointly as a 
function of frequency and spatial disablement, 
amplitude troughs of several dB are observed. 
The widths of such amplitude troughs are typi- 
cally 5-30 MHz in the frequency domain and 
10-30 cm in the spatial dimension. Both trough- 
to-crest distances (40 cm) and trough lengths 
(10-30 cm for thresholds from —18 to —3 dB) 
varied little from building to building and were 
insensitive to the direction of measurement. The 
short distances (10—30 cm) out of a frequency/ 
spatial trough should make small-scale antenna 
diversity reception feasible. 
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Figure 1. 
DBS-R link 
margin, 
portable 
reception. 


¢ Amplitudes in a given frequency span were 
found to disperse with the logarithm of the band- 
width. Within bandwidths below about 1 MHz, 
signal levels were nearly constant, signifying that 
there were neither very narrow absorption fea- 
tures nor very long multipath delays. Multipath 
delays of 50 ns were observed in only one of the 
buildings. Coherence properties, such as distor- 
tion and trough frequency widths, were discov- 
ered not to be a function of frequency. 


Of all the parameters that were measured, only 
building attenuation showed a clear frequency 
dependence. 


¢ Attenuation, which at an average position in a 
room increased from 6 to 12 dB over the range 
of 750 to 1750 MHz, could be mitigated by 2 
to 6 dB by moving the antenna — by less than 
30 cm in most cases. The most severe losses 
(17.5 dB, mitigated to 12.5 dB) were observed 
in a concrete wall building; the longest multipath 
delays (greater than 100 ns) were found in the 
same building. Large losses observed in the most 
difficult buildings (concrete building, mobile 
home and metal shack) could be reduced to a few 
dBs by moving the receiver antenna close to a 
window exposed to the transmitter. 


Based on the DBS-R propagation measure- 
ments at the University of Texas [10] and the 
ATS-6 experiments [11], link margin requirements 
have been estimated for portable DBS-R reception 
as a function of frequency for three levels of sever- 
ity of shadowing [4]. The results are given in Fig- 
ure 1. The results are valid for satellite elevation 
angles in the range of 30 to 60 deg. 
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Link Margin Estimates for Mobile Reception 

There is a significant body of experimental, 
theoretical and modeling work on the Land Mobile 
Satellite Service (LMSS) channel. Available infor- 
mation includes experimental data obtained with 
the ATS-6, MARECS and ETS satellites, as well as 


The most severe losses were observed in a 
concrete building; the longest multipath delays 
were found in the same building. 


a number of terrestrial simulations of the LMSS 
channel using balloons, towers and aircraft [13-25]. 

Figure 2 provides the typical link margin re- 
quirements for mobile reception of DBS-R as a 
function of frequency for three levels of severity 
of shadowing [4]. 

The large link margins shown for heavy ur- 
ban shadowing can be avoided by the use of terres- 
trial boosters. Short-term signal blockage in rural 
and suburban areas can be mitigated by diversity 
techniques without a need for terrestrial retrans- 
mission. 


Typical DBS-R Link Budgets 

Table 1 gives a typical DBS-R link budget 
for mobile and indoor portable reception of one 
CD-quality program at a nominal frequency of 
1.5 GHz over the range of a 3-deg spot beam. 
Tables 2A and 2B provide a summary of portable 
and mobile DBS-R link parameters for three 
choices of frequency (0.75, 1.5 and 2.4 GHz), two 
choices of spot beam size (3 deg and 1 deg) and 
two choices of audio quality (monophonic FM- 
quality digital audio at 48 kbps and CD-quality ste- 
reophonic audio at 256 kbps). The tables are based 
on the following assumptions: 


¢ For table-top portable reception at 0.75 GHz, a 
nearly omnidirectional receiver antenna with a 
gain of 5 dBi is assumed. Higher gains of 8 and 
12 dBi are assumed for the receiver antenna at the 
frequencies of 1.5 and 2.4 GHz, corresponding to 

_ an effective aperture of 380 sq cm (0.42 sq ft). 


¢ For mobile reception, an omnidirectional antenna 
with a gain of 5 dBi is assumed at all three fre- 
quencies to avoid tracking requirements at the 
receiver. 
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Table 1. 


Audio link budget Portable reception Mobile reception DBS-R link 
Mean Tolerance (+) Mean Tolerance (+) budget for 

ee 
portable and 

Information bit rate/program, kbps 256.00 256.00 mobile 

Bg EE ee a ea le et ae 

: reception, 

Transmitter power per program, W 25.50 25.50 Pa os 

ig A a ee 

Transmitter power per program, dBW 14.07 14.07 ecuencnot 
1.5 GHz, 

Frequency, GHz 1.50 1.50 digital audio 
at 256 kbps 

Satellite antenna diameter, m 4.67 4.67 (CD quality) 

ener) ee RS ae Eee eee eee 

Satellite antenna gain, dBi 34.72 34.72 

ES Se eee ee. ee eee ee 

Satellite antenna beamwidth, deg 3.00 3.00 

rae wr ae Oh ee ee 

EIRP, dBW 48.78 48.78 

nae es en ee eS 

Range, km 40,000.00 40,000.00 

a lth al et i a a as Se 

Free space loss, dB 188.00 188.00 

SE a 

Receiver antenna gain, dB 8.00 0.50 5.00 0.50 

en er eee Ee Sea ee 

Received signal power, dBW —131.22 0.50 —134.23 0.50 

Receiver system temperature, dBK 24.10 1.00 24.10 1.00 

Receiver G/T, dB/K -16.10 b2 -19.10 date 

N,, dBW/Hz —204.50 1.00 —204.50 1.00 

C/N,, dBHz 73.28 112 70.27 1.12 

E,/N, available, dB 19.20 i12 16.19 B12 

E/N, at beam edge, dB 16.20 1.12 13.19 12 

E,/N,, Gaussian channel, dB 3.30 3.30 

Degradation, mobile channel, dB 0.00 2.00 0.50 

Receiver implementation loss, dB 1.50 0.50 1.50 0.50 

Interference, dB 0.50 0.50 0.50 0.50 

Link margin 10.90 132 5.89 1.41 


LL 


Coherent demodulation, R = 1/2, convolutional code, soft decoding, BER = 1.0E-4, time interleaving diversity 
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Table 2A. 

Link parameters 
as a function of 
frequency and 
audio bit rate 
for broadcasting 
one DBS-R 
program over 

a 3-deg beam 


ener e reer eeee eee reer ESSE SSS SS 


Parameter Frequency, GHz 
0.75 1.5 2.4 

Satellite antenna diameter, m 933 4.67 2.92 
Satellite antenna gain, dBi 34.71 34.72 34.72 
Coverage beamwidth, deg 3.00 3.00 3.00 
Average useful coverage area, M sq km 2.50 2.50 2.50 
Average useful coverage area, M sq mi 1.00 1.00 1.00 
RF power per 256-kbps (CD-quality) 6.00 25.50 81.00 


program/beam, W 


—— 


EIRP per 256-kbps (CD-quality) 42.49 48.78 53.81 
program/beam, dBW 


Bandwidth per CD-quality channel, kHz 300.00 300.00 300.00 


RF power per 48-kbps (FM-quality) 1.13 4.78 15.19 
program/beam, W 


EIRP per 48-kbps (FM-quality) ihe ph es 41.51 46.54 
program/beam, dBW 


Bandwidth per FM-quality channel, kHz 60.00 60.00 60.00 
Portable receiver G/T, dB/K —20.30 —15.92 —11.74 
Available link margin for portable 6.44 10.89 16.02 


reception, dB 


Link margin objective for reception in =i, 8.76 10.80 
most houses, dB 


Mobile receiver G/T, dB/K —20.30 —19.10 —19.00 
Available link margin for mobile 4.38 5.88 6.90 
reception, dB 

Link margin objective for moderate 4.38 5.88 6.90 
shadowing, dB 
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Parameter Frequency, GHz Link parameters 
0.75 1.5 2.4 as a function of 

frequency and 

Satellite antenna diameter, m 28.00 14.00 8.75 audio bit rate 

——__ J — i __—_———————__ for broadcasting 

Satellite antenna gain, dBi 44.25 44.25 44.25 one DBS-R 

=. i program over 

Coverage beamwidth, deg 1.00 1.00 1.00 a 1-deg beam 

Average useful coverage area, M sq km 0.28 0.28 0.28 

Average useful coverage area, M sq mi 0.11 0.11 0.11 

RF power per 256-kbps (CD-quality) 0.67 2.84 9.02 


program/beam, W 


EIRP per 256-kbps (CD-quality) 42.49 48.78 53:61 
program/beam, dBW 


Bandwidth per CD-quality channel, kHz 300.00 300.00 300.00 


RF power per 48-kbps (FM-quality) 0.12 0.53 1.69 
program/beam, W 


EIRP per 48-kbps (FM-quality) Soe 41.51 46.54 
program/beam, dBW 


Bandwidth per FM-quality channel, kHz 60.00 60.00 60.00 
Portable receiver G/T, dB/K —20.30 —15.92 —11.74 
Available link margin for portable 6.44 10.89 16.02 


reception, dB 


Link margin objective for reception in aie 8.76 10.80 
most houses, dB 


Mobile receiver G/T, dB/K —20.30 —19.10 —19.00 


Available link margin for mobile 4.38 5.88 6.90 
reception, dB 


Link margin objective for moderate 4.38 5.88 6.90 
shadowing, dB 
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Figure 2. 
DBS-R link 
margin, 
mobile 
reception. 


Figure 3. 
Regional 
DBS-R 
coverage for 
a satellite in 
geostationary 
orbit at 20° E 
longitude. 


_ 
-_ 
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—_ 


—— Light Shadowing 
--- Moderate Shadowing 
—— Heavy Urban Shadowing 


Link Margin, dB 


0.5 1.0 1.5 2.0 2.5 3.0 
Frequency, GHz 


System Trade-Offs and Cost Estimates for an Example 
Regional DBS-R Configuration 

For our system trade-off and cost estimate 
study, the DBS-R coverage capacity of a geosta- 
tionary satellite at 20° E longitude was studied as 
an example. Such a satellite will have elevation 
angles of 30 deg or higher over Africa and parts of 
the Middle East and Southern Europe, as shown in 
Figure 3. An even larger area is covered within the 
10-deg elevation angle contours. Twenty-eight 
3-deg beams cover the entire area. The same area 
can be covered by roughly 252 1-deg spot beams. 


Satellite Elevation Angle Contours: 


\} 
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Observer at 
0° Latitude and 
20° E. Longitude 


Figure 4 shows the space segment cost of the 
example regional DBS-R system as a function of 
coverage capacity for combinations of the three fre- 
quencies (0.75, 1.5 and 2.4 GHz), two beam sizes 
(3 deg and 1 deg) and two audio qualities (FM- 
quality digital audio at 48 kbps and CD-quality 
transmissions at 256 kbps). These cost estimates 
are based on RF power requirements noted in 
Tables 2A and 2B using the satellite cost model de- 
veloped for DBS-R applications. The unit used for 
coverage Capacity is one program broadcast over 
one million square miles, which is roughly equiva- 
lent to one program over a 3-deg spot bearn [4]. 
The satellite RF power requirements are appropri- 
ate for mobile reception in rural and suburban areas 
and portable reception in most houses. Figure 5 
shows the per-hour transmission cost estimates for 
broadcasting one program over one million square 
miles. These estimates are based on an expected 
satellite life of 12 years. It is assumed that the satel- 
lite capacity will be utilized at an average of 75% 
of total capacity in recognition of the fact that the 
broadcasting load varies over the 24 hours in each 
day. The costs are generally most favorable for the 
1.5-GHz implementation. As expected, the per- 
channel costs are particularly high for low-capacity 
systems. This trend is observed for all of the con- 
figurations shown in Figure 5. 


Conclusion 

¢ A single satellite in geostationary orbit has the 
potential to provide DBS-R services to a vast re- 
gion of the world for direct reception by low-cost 
portable, semiportable, mobile and fixed radio 
receivers. 


The effective isotropic radiated power needed 
from the satellite for mobile DBS-R reception in 
suburban areas is sufficient for portable reception 
in most single family houses when allowance is 
made for the higher G/T of portable receivers. 


The target G/T figures of merit for DBS—-R 
receivers are approximately 


—20 dB/K for portable reception at 0.75 GHz 
(5-dBi antenna) 


—20 dB/K for mobile reception at 0.75 GHz 
(5-dBi antenna) 


COCLOpE Reet oon 


Cost, Millions of Dollars 


Cost, Dollars 


500 500 Figure 4. 
3-Deg Spot Beams, 3-Deg Spot Beams, In-orbit 
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0.75 GHz 3-Deg Spot Beams, 3-Deg Spot Beams, In-orbit 
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2.4 GHz segment cost 
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per hour per 
million square 
miles. 
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Coverage Capacity (24-Hour-Per-Day CD Programs Coverage Capacity (FM-Quality 24-Hour-Pay-Per-Day Digital 
Times Million Square Miles) Programs Times Million Square Miles) 


13 


SA EG OMe O UVALRSI ERY. 


14 


—16 dB/K for portable reception at 1.5-GHz 
(8-dBi antenna) 


—19 dB/K for mobile reception at 1.5 GHz 
(5-dBi antenna) 


—12 dB/K for portable reception at 2.4 GHz 
(12-dBi antenna) 


—19 dB/K for mobile reception at 2.4 GHz 
(5-dBi antenna) 


The per-program RF power requirements for por- 
table reception in most houses and mobile recep- 
tion in suburban areas are estimated to be as 
follows: 


For FM-quality digital audio per 3-deg beam: 
1.1 W at 0.75 GHz 
4.8 W at 1.5 GHz 
15.2 W at 2.4 GHz 

For CD-quality digital audio per 3-deg beam: 
6 W at 0.75 GHz 
25.5 W at 1.5 GHz 
81 W at 2.4 GHz 


For a typical regional DBS-R system, implemen- 
tation at 1.5 GHz would be more favorable than 
either 0.75 GHz or 2.4 GHz. At 0.75 GHz, the 
satellite tends to become weight limited due to 
the large size of the antenna and feed elements, 
while at 2.4 GHz it will be power limited. 


For a coverage capacity of 20 (CD programs 
times million square miles) in a 28 3-deg spot 
beam configuration using a transmission fre- 
quency of 1.5 GHz, the in-orbit space segment 
cost is estimated to be around $100 million, 
which translates into DBS-R broadcasting costs 
of $63.50 per CD-quality program per million 
square miles per hour. For FM-quality digital au- 
dio broadcasting at 48 kbps, the corresponding 
hourly costs are $13 per FM-quality program per 
million square miles. 


For a coverage capacity of 50 (CD programs 
times million square miles) in a 28 3-deg spot 
beam configuration, the in-orbit space segment 
cost is estimated to be $156 million, which trans- 
lates into DBS-R broadcasting costs of $39.60 
per CD-quality program per million square miles 
per hour. For FM-quality digital audio broadcast- 
ing at 48 kbps, the corresponding hourly costs are 
$8 per FM-quality program per million square 
miles. 
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Challenges of a General 
Satellite Service System 


Vabraz Jamnejad, Spacecraft Antenna Research Group 
Miles K. Sue, PASS Technical Manager 
Jet Propulsion Laboratory 


n conjunction with U.S. industry, NASA has 

proposed obtaining spectrum allocation in the 

20/30-GHz bands at the upcoming World 
Administrative Radio Conference (WARC) in order 
to enable a new satellite service, the General Satel- 
lite Service (GSS). The purpose of this new service 
is to enable satellite operators flexibility in provid- 
ing various services dictated by market demand and 
technological capability. 

This article presents a system design to illus- 
trate the technical feasibility of a 20/30-GHz GSS 
system serving mobile, micro, personal and fixed 
terminals. In addition, it addresses the frequency 
separation issue associated with the 20/30-GHz 
bands. The system design is drawn from Personal 
Access Satellite System (PASS) research being con- 
ducted at JPL [1-4]. PASS, which focuses on per- 
sonal communications, would be an integral part of 
a 20/30-GHz GSS system. Figure 1 illustrates the 
PASS concept. 


Applications and Markets 

The versatility of small terminals, coupled 
with the large bandwidth available in the 20/30-GHz 
bands, permits a diversity of services. In addition 
to being able to accommodate services offered by 


mobile satellite systems operating at 1.5/1.6 GHz, 
GSS can support microterminal- and personal ter- 
minal-oriented services that are otherwise not 
available from current systems. Some of the major 
services enabled or enhanced by a 20/30-GHz 
GSS system include 


e Direct personal voice and data communications 
¢ Personal computer file transfer 
¢ Database inquiry 


¢ Low-rate voice, data and video broadcasting at 
the national and regional levels 


¢ Direct data distribution 
¢ Telemonitoring and control 


e Disaster and emergency communications 


System Architecture 

The 20/30-GHz GSS system contains a space 
segment, a network management center, supplier 
stations and a number of user terminals. Services 
are facilitated by properly linking the users and the 
appropriate service provider. To achieve opera- 
tional simplicity, the sample system design utilizes 
fixed multibeams to provide simultaneous, continu- 
ous coverage to users in the service area, i.e., the 
contiguous United States (or CONUS). In addition 
to the spot beams, a single CONUS beam is em- 
ployed to complete the user-to-supplier and/or sup- 
plier-to-user links. Table 1 lists the salient features 
of the design. 


Satellite and User Terminal Designs 

As previously mentioned, the satellite em- 
ploys both a CONUS coverage antenna and spot- 
beam antennas. One CONUS antenna will be used 
for the downlink and uplink signals to and from the 
supplier stations, network management center and 
the tracking, telemetry and control (TT&C) station. 
The spot-beam antennas will be used for users’ up- 
link and downlink. Two multiple spot-beam anten- 
nas have diameters of 2 m and 3 m — for transmit 
and receive, respectively. These antennas produce 
142 spot beams covering the service area. The 
spot-beam antennas have a gain of approximately 
52.5 dBi and a 3-dB beamwidth of 0.35 deg. The 
corresponding receive G/T is 23.4 dB/K and the ef- 
fective isotropic radiated power (EIRP) is 55 dBW. 
The CONUS beam receiver G/T is —1.2 dB/K and 
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the transmitter’s EIRP is 40 dBW. Table 2 summa- 
rizes the key features of the satellite. 

There are five types of user terminals: vehicu- 
lar mobile terminals (VMTs), aeronautical mobile 
terminals (AMTs), basic personal terminals (BPTs), 
microterminals/enhanced personal terminals (EPTs) 
and telemonitors. The VMTs are similar to mobile 
terminals in the 1.5/1.6-GHz bands, which consist 
of a tracking antenna, transceiver, modem, vocoder, 
handset and other user-interface equipment. The 
mobile terminal is capable of supporting two-way 
voice and data communications as well as low-rate 
broadcasting. The antenna gain ranges from 20 to 
25 dBi. 

The AMTs are similar to the VMTs with the 
exception that more than one airborne antenna may 
be needed to provide the needed coverage. 

The BPTs, which represent the major techno- 
logical challenge, will be equipped with a tracking 
antenna and will be capable of supporting voice 
and data services at a rate not exceeding 4.8 kbps 
under normal operating conditions (1.e., no rain). 
This type of terminal is required to have an antenna 
gain of 23 dBi at the transmit frequency and 19 dBi 
at the receive frequency, a variable rate modem, a 
1-W transmitter and other application-dependent 
components. The variable-rate modem is necessary 
to compensate for rain attenuation. The BPTs are 
intended for mobile applications — that is, to be 
carried around by the user. Table 3 provides the 
key design requirements of the BPTs; a phased- 
array antenna has been assumed for its compact- 
ness, although other concepts are also applicable 
(see Figure 2). 

The EPTs (or microterminals) are similar to 
the current VSAT terminals, except for the smaller 
antenna and the two-way, high-rate capability. 
With an antenna of 1 ft or less in diameter, the 
EPTs can have many applications by providing 
high-quality voice, high-reliability data communi- 
cations for direct computer file transfer and low- 
rate video. These terminals are not intended to be 
mobile. As such, they do not have to be very com- 


pact; many antenna concepts are thus applicable [2]. 


A dish-type antenna with a gain of 32.5 dB at 20 
GHz and 36.0 dB at 30 GHz is assumed here. 
Table 4 summarizes the design requirements for 
this type of terminal. 

The telemonitors are used for remote moni- 
toring and data collection. 


Parameter Feature 
Operating frequency 
Uplink, GHz 30 
Downlink, GHz 20 
Coverage concept 
Sat/suppliers CONUS beam 
Sat/users 142 spot beams 
Generic services Voice and data 
Typical channel data rate, kbps 4.8 
Rain compensation 
Forward Uplink power control and 


variable data rate 


Return — BPT type Variable data rate 


Return — EPT type Uplink power control and 


variable data rate 


Link availability 

BPT type, % 98 

EPT type, % > 98 
Interbeam power management 9-beam 
Frequency reuse capability 16 times (spot beams) 


7,500 duplex voice channels 
equivalent (VOX = 35%) 


System capacity 


Frequency Plan 

The uplink frequency is 30 GHz and the 
downlink frequency is 20 GHz. The available up- 
link and downlink spectra are each divided into two 
parts for the CONUS beams (feeder links) and the 
spot beams. To increase spectrum utilization, the 
spectrum assigned for the spot beams is reused 16 
times. There is no reuse for the CONUS beam. 


Table 1. 
Sample system 
design: salient 
features 
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Figure 1. 
Personal 
access satellite 
system 
concept. 


Figure 2. 
User terminal 
antenna 
concepts. 
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Enhanced 
Personal 
Terminal 


MMIC PHASED ARRAY 


Planar Phased 
Array Antenna 


MECHANICALLY STEERED 
ANTENNA 


3.5-In.-Diameter 
Sphere Contains 
the Mechanically 
Steered Antenna 


Terminal 


aS 


Supplier 


Microstrip 
Radiating 
Elements 


SEMIPERMANENT FIXED 
PARABOLIC REFLECTOR 


Array for 
Azimuth 


a Acquisition 


Parabolic 
Reflector 
(Diameter 


Remote 
Monitoring 


ELECTRONICALLY 
SWITCHED ARRAY 


Data Entry 
Keyboard 
and/or Voice 
Speaker 


Swilchable 
Hemispheric 
Arra 


MANUALLY 
STEERED 
ARRAY 


Receive 
Array 


Terminal 
Signal 
Processor 


Oil 


Platform 


Technological Challenges of the 20/30-GHz Frequency 
Separation in User Antenna Design 

In general, two different types of user anten- 
nas can be considered: reflectors and arrays. The 
reflector antenna, due to its nonconformality and 
the fact that it would require strictly mechanical 
steering, is less desirable from an operational point 
of view. However, in general, it has certain attrac- 
tive features: it is broadband (in terms of frequency), 
it has relatively low-feed network loss and it is gen- 
erally less costly to manufacture. Its bandwidth, of 
course, is determined by the feed. The feed, which 
can be either an open waveguide aperture, a horn 
or a small array of such elements, does not present 
any major problem in providing the necessary 
bandwidth. 

The planar array of a number of radiating 
elements may be a more suitable antenna candidate. 
Although the array can also be steered mechani- 
cally in both elevation and azimuth, it is more 
likely it will be electronically steered in both azi- 
muth and elevation, or at least in elevation with 
mechanical steering in azimuth, in order to main- 
tain conformality. 

The question arises as to whether the use of 
the uplink (transmit) and downlink (receive) fre- 
quencies at around 30 and 20 GHz, respectively, 
may cause a problem in the design of the user an- 
tenna. We illustrate the problem with respect to a 
planar-array antenna (with electronic steering in 
both azimuth and elevation, or just mechanical 
steering in azimuth). 

No design problem exists if separate antennas 
are used for the two modes of operation. Employ- 
ing two antennas, however, in addition to an in- 
crease in the total weight and size, could make the 
design much more expensive. A single antenna 
covering both frequencies is preferable. In this case, 
the transmit and receive antennas will use all or 
part of the same aperture. 

In either case, two approaches are possible. 
In one approach, broadband array elements can be 
used to provide operation across the total band- 
width from 20 to 30 GHz. This kind of frequency 
coverage is not really required, since only a very 
small frequency band around each of the two up- 
link and downlink center frequencies is utilized in 
the system. Furthermore, such a broad bandwidth 
is difficult to achieve when using relatively simple 
planar elements. 
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Table 2. 
Parameter Feature Key satellite 
feature design 
Spot beam summary 
Antenna size, m (transmit) 3.0 
Antenna size, m (receive) 20 
Spot beams, no. 142 
Antenna gain, dBi a2 
Antenna beamwidth, deg 0.35 
System G/T, dB/K 23.4 
Average EIRP/beam, dBW 58.7 
CONUS beam 
Antenna gain, dB 27.0 
Antenna beamwidth, deg fet) 
System G/T, dB/K —1.2 
EIRP, dBW 46.1 
Satellite mass, lb (GTO) 7,500.0 
Satellite power, kW (EOL) 4.0 


However, this approach would be relatively 
simple to implement, if the receive and transmit 
operating frequencies are very close to each other, 
with only a few percent total bandwidth €.g., 
20/21.5 or 30/32 GHz). A 40/44-GHz system, 
with a bandwidth of less than 10%, would also fall 
in this category. Namely, the same elements can be 
used to cover both frequency bands. 

A better approach is to use collocated ele- 
ments, such as dual stacked microstrip patches or 
other dual resonant radiating elements, that cover 
very narrow frequency bands (on the order of 1%) 
and are centered at each of the two operating fre- 
quencies. This approach has the added advantage 
of providing an inherent isolation of up to 20 dB 
between the transmit and receive frequencies, 
thereby reducing the isolation requirements of the 
diplexers. 
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Table 3. 
BPT design 
requirements 


Table 4. 
EPT design 
requirements 


Parameter Requirement 
Antenna gain @ 20 GHz, dBi 19.3 
Antenna gain @ 30 GHz, dBi 22.8 


Antenna tracking/coverage capability 


Azimuth, deg 360.0 

Elevation, deg 15-60 

Receive G/T, dB/K -9.0 

Transmit power, W 0.17 

Effective data rate, kbps/channel 4.8 
Other requirements 

Size Hand-held 


Modem Variable rate 
Parameter Requirement 
Antenna gain @ 20 GHz, dBi aes 
Antenna gain @ 30 GHz, dBi 36.0 
Antenna tracking requirement None 
Receive G/T, dB/K 4.2 
Transmit power 0.02 W/4.8 kbps 


with power control 


Modem Variable rate 


In yet another approach, the receive and 
transmit arrays can be separate but interleaved to 
occupy the same aperture. This approach has the 
advantage of relatively simple element design, 
since elements in each array need to operate over a 
relatively small frequency band. Furthermore, a 
much better isolation than the collocated elements 
arrangement can be achieved. However, due to the 
increased spacing required between the elements 
of either array in at least one direction, electronic 
scanning in that direction will create high grating 


lobes, unless substrates with very high dielectric 
constants are used to reduce the element size and, 
hence, spacing. 

In general, an interleaving arrangement is 
most suited to a fully mechanically steered array or 
a hybrid mechanical/electronic scan array with me- 
chanical scanning in the interleave direction. 

In either of the last two approaches, a major 
problem is the difference in interelement separation 
in terms of wavelength at the two frequencies, 
which could cause high grating lobes at the higher 
frequency, particularly for beams steered to low el- 
evation angles. According to the array theory, if the 
array elements in a regular grid have a large inter- 
element spacing, grating lobes are produced which 
manifest themselves as large sidelobes which result 
in a loss of gain as well as an increase in the re- 
ceived noise temperature. This problem becomes 
even more significant for large scan angles. Specifi- 
cally, in order to completely prevent the presence 
of grating lobes, the interelement spacing should be 
less than or equal to the following: 


d=0.5A/[1 + sin (6)], for uniform rectangular grid (1) 


and 


d=0.577A/[1 + sin (6)], for uniform triangular grid (2) 


in which @ is the scan angle from zenith (or broad- 
side of the array). The spacing must definitely be 
less than twice the above values so that the peak 

of the first grating lobe does not enter the visible 
space. For a broadside array (zero scan), the above 
limits reduce to 0.5A and 0.577A, respectively, and 
decrease as the scan angle is increased. The above 
values are based on the assumption of isotropic 
element patterns. The natural taper of an actual ele- 
ment will reduce the grating-lobe levels. 

A representative case is illustrated in Figure 3, 
where a linear array of six elements is considered. 
Two microstrip patches are stacked at each element 
position for the 20- and 30-GHz operations. This ar- 
ray can be part of a complete planar array. We are, 
however, concerned with its performance in the 
plane of beam scanning in elevation. 

Figure 4 shows the broadside and scanned 
patterns of the linear array of six elements with 
0.6-cm interelement spacing. This spacing trans- 
lates into 0.4A at 20 GHz (the wavelength at 
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20 GHz is 1.5 cm); the corresponding spacing for 
the collocated elements at 30 GHz (with a wave- 
length of 1 cm) is 0.6A. This is quite acceptable 
for the broadside array. However, for the beam 
scanned to 70 deg from zenith (to provide cover- 
age at 20-deg elevation), this is far larger than the 
0.258A limit obtained from Equation (1), and even 
larger than the absolute limit of twice that value, 
ne, OS516A. 

It may be noted that the higher taper of the 
narrower element beamwidth at the higher fre- 
quency partially compensates for the higher array 
grating lobe at this frequency. As can be seen in 
Figure 4, the performance at 20 GHz is satisfactory 
for both the scanned and nonscanned cases. For the 
30-GHz case, however, the grating lobe is even 
higher than the main lobe and, of course, is not 
acceptable. 

A better result is obtained if the interelement 
spacing is reduced to 0.5 cm. In this case, the spac- 
ing is 0.33A at 20 GHz and 0.5A at 30 GHz. This 
provides a more acceptable performance, as shown 


(a) Broadside Pattern at 20 GHz; 
Array Pattern With n =6, 
d=0.4, Scan Angle =0 


(b) 70-Deg Scanned Pattern at 20 GHz; 
Array Pattern With n =6, 
d= 0.4, Scan Angle = 70 


Relative Field Strength, dB 


-80 -60 -40 -20 0 20 40 60 80 
Angle From Zenith, Deg 


in Figure 5, although the backlobe for the 30-GHz 
scanned case is still relatively large. Still smaller 
separations can yield much lower sidelobes, as 
shown in Figure 6 (0.4-cm spacing = 0.4) at 

30 GHz = 0.27A at 20 GHz). In the plots, we have 
assumed that each element has a half-power beam- 
width of 90-105 deg at 30 GHz and 130-145 deg 
at 20 GHz. 

The sidelobes can be further reduced by am- 
plitude tapering of the array elements at the ex- 
pense of a slight loss in aperture efficiency. Typi- 
cally, a 5-dB sidelobe reduction can be achieved at 
a gain loss of about 0.5 dB. Also, as the number of 
elements are increased, the grating lobe effect is 


(c) Broadside Pattern at 30 GHz; 
Array Pattern With n =6, 
d=0.6, Scan Angle =0 


(d) 70-Deg Scanned Pattern at 30 GHz; 
Array Pattern With n =6, 
d = 0.6, Scan Angle =70 


Relative Field Strength, dB 
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Figure 3. 

Sketch of a 
six-element 
linear array 
with collocated 
elements for 20 
and 30 GHz and 
interelement 
spacing, d. 


Figure 4. 
Patterns of 

a six-element 
array at 20 
and 30 GHz 
with 0.6-cm 
interelement 
spacing. 
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Figure 5. 
Patterns of 

a six-element 
array at 20 
and 30 GHz 
with 0.5-cm 
interelement 
separation. 


(a) Broadside Pattern at 20 GHz; 
Array Pattern With n =6, 
d = 0.333, Scan Angle =0 


(b) 70-Deg Scanned Pattern at 20 GHz; 
Array Pattern With n =6, 
d= 0.333, Scan Angle = 70 


Relative Field Strength, dB 


Angle From Zenith, Deg 


further reduced as long as spacing is less than twice 
the value given in Equations (1) and (2). Further- 
more, by introducing nonuniformity in the array 
lattice and breaking the symmetry of the configura- 
tion, one can reduce or neutralize the grating lobes 
at the expense of complications in the layout and 
mechanical design. 

It should be noted that a reduction of interele- 
ment spacing to accommodate the higher frequency 
causes the spacing at the lower frequency to be 
much less than half a wavelength, and since the 
element size is typically somewhat less than half 
a wavelength, this may seem to create a problem. 
This problem, however, can be solved by dielectric 
loading of the elements (in general, the width of 
elements is inversely proportional to the square root 
of the dielectric substrate). Thus, by increasing the 
dielectric constant, the element aperture can be re- 
duced to fit the available spacing. Typically, how- 
ever, material with higher dielectric constants have 
higher losses. Therefore, care must be taken in se- 
lecting low-loss dielectrics to avoid efficiency loss. 

In any case, as long as the total array aperture 
is used for operation at both transmit and receive 


(c) Broadside Pattern at 30 GHz; 
Array Pattern With n = 6, 
d=0.5, Scan Angle =0 


(d) 70-Deg Scanned Pattern at 30 GHz; 
Array Pattern With n = 6, 
d=0.5, Scan Angle = 70 


Relative Field Strength, dB 
rly 
L— ] 
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frequencies, the resultant array pattern will be 
narrower and have a higher gain at the higher fre- 
quency (30 GHz). If required, it is possible to em- 
ploy only an inner subset of the array elements at 
the higher frequency in order to achieve the same 
beamwidth and gain as the lower frequency. 


Active Versus Passive Arrays 

An entirely different but significant issue in 
the design of the array is the choice of an active 
versus a passive array. This problem has been ana- 
lyzed in some detail in [2]. The loss in the so-called 
beam-forming network (BFN) — the transmission 
lines, dividers and combiners used to feed the array 
elements — becomes quite significant, especially at 
high microwave and millimeter-wave frequencies. 
In general, this loss in decibels increases propor- 
tionally with the log of the number of array ele- 
ments. The loss associated with the phase shifters 
used for electronic beam scanning is also quite 
substantial, particularly for the pin-diode digital 
phase shifters typically used in microwave mono- 
lithic integrated circuit (MMIC) designs. 

These losses can substantially reduce — by 
several decibels — the antenna gain in the transmit 
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(a) Broadside Pattern at 20 GHz; 
Array Pattern With n =6, 
d=0.27, Scan Angle =0 


(b) 70-Deg Scanned Pattern at 20 GHz; 
Array Pattern With n =6, 
d=0.27, Scan Angle = 70 


Relative Field Strength, dB 
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mode and the figure of merit (G/T) in the receive 
mode. By employing high-power amplifiers 
(HPAs) for the transmit frequency and low-noise 
amplifiers (LNAs) for the receive frequency imme- 
diately behind individual array elements or a small 
group (subarray) of elements, the adverse effects of 
the losses in the beam-forming network can, in ef- 
fect, be neutralized. The active array approach also 
increases the transmit-to-receive isolation by reduc- 
ing the coupling and intermodulation effects via 
the beam-forming networks, particularly when the 
BENs are interleaved or in close proximity. This 
increase in transmit-to-receive isolation can be 
explained by the fact that in the active array (at the 
BEN level), the transmit signal is at the preamplifi- 
cation low-power level, while the receive signal is 
already amplified. The active array approach is 
essential at higher microwave/millimeter-wave 
frequencies of the MMIC design. 

The amount of frequency separation, how- 
ever, does not seem to have any direct bearing on 
the active versus passive array design, except for 
the fact that the reduction of the coupling via the 
BEN in the active array case helps in increasing 
isolation in the smaller frequency separation case. 


(c) Broadside Pattern at 30 GHz; 


Array Pattern With n = 6, ° 
d= 0.4, Scan Angle =0 Figure 6. 
0 Patterns of 
a six-element 
=A array at 20 
and 30 GHz 
3 with 0.4-cm 
interelement 
separation. 
12 P 
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2 (d) 70-Deg Scanned Pattern at 30 GHz; 
“ a Array Pattern With n =6, 
oc d =0.4, Scan Angle = 70 
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User Antenna Selection Summary 

In summary, it is quite feasible to obtain rea- 
sonable antenna array performance at the 20/30-GHz 
band by using, for example, dual-stacked microstrip 
patch elements that provide coverage at both fre- 
quencies. This large frequency separation also pro- 
vides for better isolation between the uplink and 
downlink paths (simpler diplexers are needed). 
A simpler antenna design can be employed, how- 
ever, if the frequency separation is less than 10%, 
for example the 40/44-GHz range. The latter sys- 
tem will also result in much smaller antenna dimen- 
sions for the same gain requirement. This case, 
however, will require better filtering (diplexing) 
between the up and down links due to the close 
proximity of the frequencies. In any case, an active 
alray approach seems to be the preferred and indeed 
necessary approach for the electronically steered 
array. Although it is recognized that the wide fre- 
quency separation represents a technical challenge 
to the design of the small user antennas, the analy- 
sis presented in this article indicates that it is techni- 
cally feasible to design a user antenna operating in 
the 20/30-GHz band with reasonable performance. 
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he Advanced Communications Technology 

Satellite (ACTS) will have two noncoherent 

beacons: one beacon in the uplink frequency 
(27.5 GHz) band and the other in the downlink fre- 
quency (20 GHz) band. These two beacons will be 


used for signal fade and radiometric measurements. 


The salient characteristics of these two beacons are 
shown in Table 1 [1], where most of these charac- 
teristics have been verified experimentally [2]. 

The 20-GHz beacon will be derived from a 
phase modulator, where the residual carrier power 
will act as the beacon source. The sideband power 
will carry telemetry data and ranging information. 
The telemetry and ranging signal multiplexing pro- 
cess is shown in Figure 1. The two 20-GHz bea- 
cons can be transmitted simultaneously or in the 
vertical polarization (V-Pol) or horizontal polariza- 
tion (H-Pol) modes; normally the V-Pol mode will 
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be used, but provisions will be made to transmit in 
both polarizations. The 20-GHz beacon transmitter 
block diagram is shown in Figure 2 [2]. The input 
to the phase modulator is composed of multiplexed 
phase shift keying (PSK) telemetry data and a 
square-wave ranging signal; the output will contain 
sidebands as well as beat tones [3]. These beat fre- 
quencies will appear close to the beacon. 

In a recent simulation study [4], significant 
spectral products close to the ACTS downlink bea- 
con frequency were observed. These unwanted 
products may give rise to a false lock scenario in 
ACTS propagation receivers during the wideband 
initial search mode or after a prolonged deep fade 
unless an appropriate software control algorithm is 
provided for the selection of the maximum signal 
component in the presence of unwanted adjacent 
spikes. 

The purpose of this article is to analyze and 
calculate the locations and magnitudes of these un- 
wanted products so that an appropriate software 
control algorithm can be developed for incorpora- 
tion with the ACTS propagation receive terminals 
to avoid false locks. 


Unwanted spectral products close to the ACTS 
downlink beacon frequency have been observed. 
Their locations and magnitudes must be deter- 
mined so that measures can he taken to avoid 
false locks. 


There are five cases of multiplexed modulat- 
ing signals, shown in Table 2, where PSK telemetry 
(TLM) data are assumed to be present (1,024 bps 
maximum). 

We will first discuss the basic theory of beat 
frequency generation, manually solve a simple case 
to demonstrate the presence of these beat frequency 
spikes and compare the results when using a com- 
puter simulation model before simulating the cases 
described in Table 2. 


25 


SAT GOM?© UTAIRT E RL Y 


Figure 1. 
ACTS 
telemetry 
subcarrier 
generation. 


Figure 2. 
20.2-GHz 
Ka-band beacon 
transmitter. 


Ranging Ranging 
Tone Input Filter & Tone 
Limiter [Ss 2 
Ranging 
Relay ° l 
Unmodulated, 
32 kHz 
10 K 20 K (Placeholder) 
<a 10 K | 
Biphase 
Data 
Analog Multiplexed 
Vco MUX ES Signal 
PSK TLM & 
Ranging 
1.32 W 
FLM2020-P5 
NEC137 NEC275 D5008-30 CASPAC 


Varactor 
X2-BPF 


Gain, dB 10.0 -0.5 9.0 -0.5 -0.5 8.0 -0.5 -5.5 4.5 0.5 
P ,, dBm 11.0 10.5 19.5 19.0 18.5 26.5 26.0 20.5 25.0 24.5 
Pow 0.096 0.740 1.62 1.40 
Frequency, 2.52 5.05 10.1 20.2 

GHz 
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Parameter 27.5-GHz beacon 20-GHz beacon ACTS beacon 
characteristics 
Beacons, no. 1 2 
Frequency/polarization 27.505 GHz +0.5 MHz (V) 20.185 GHz +0.5 MHz (V); 
20.195 GHz +0.5 MHz (H) 
Function Fade measurement Telemetry/fade measurement 
Modulation None Yes (FM and PCM) 
Nominal RF output, dBm 20 23 
Operating temperature, °C —10 to +55 —10 to +55 
Frequency stability +10 PPM over 2 yr at 


constant temperature; 
+1.5 PPM over 24 hr for 
—10° C to +55° C 


Output power stability £1.0 dB over 24 br: 
+2.09 dB over full mission 


Phase noise —49 dBC/Hz at 50 Hz; —51 dBC/Hz at 50 Hz; 


—80 dBC at 3000 Hz —92 dBC/Hz at 19 kHz 
Caen eeeereeereeeeeeeeeeeeeeeeeeeeeeeeeereeeeeeeeeeeeeeeeec eer cee ESS SS 
ST ES TESTE IE EP EET ELE LEEDS ET IERIE EEE I I BE AE EE I I I PTE I RI EO 


Table 2. 
Case Combination Frequencies relative to beacon, kHz Ranging tone modulation Multiplexed 
modulating 
1 PSK TLM/placeholder 64/32 signal 
2 PSK TLM/ranging 64/27.777 Square wave set Lal 
3a PSK TLM/ranging 64/19 35.4 Hz (square wave) 
3b PSK TLM/ranging 64/19 283.4 Hz (square wave) 
oC PSK TLM/ranging 64/19 3968.2 Hz (square wave) 
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Basic Theory 

To illustrate the case, let us first consider a 
carrier being frequency- or phase-modulated by 
two tones not harmonically related [3]. The instan- 
taneous angular frequency of a modulated carrier 
can be written as 


(1) 


W(t) = ww. + Aw, cos(w,t)+ Aw, cos(w2t) 


where 
Ww. = 2nf, = carrier angular frequency 


4w, = maximum frequency deviation due to 
first modulating tone 


wW, = 2nxf, = angular frequency of first 
modulating signal 


Aw, = maximum frequency deviation due to 
second modulating tone 


w, = 2xf, = angular frequency of the second 
modulating tone 


By = (4w,/,) = modulation index due to 
first modulating signal 


B2 = (4w2/w2) = modulation index due to 
second modulating signal 


From quasistationary approximation, we 
know that instantaneous angular frequency 


d 
pe re (phase) or phase = | O; dt 


and hence phase and frequency modulation analysis 
differs only by a mathematical transformation. 


The generalized single-tone-modulated FM 
signal can be written as 


foe] 


e(t) = A, Se 


k=-a 


Jy, (B) sin (wt kw, )t (2) 


where 
A, = unmodulated carrier amplitude 


J,(B) = Bessel function of first kind, order k and 
argument 8 (modulation index) 


ks ete 
Therefore, 
2 
Modulated carrier power = [a3 0 (p)| 


Carrier power relative to 


unmodulated carrier power = : 


2 
byte] 


Similarly, 


Relative power due to first sideband = 9 


oe 


Relative power 


due to second sideband = L 


2 
3,(6)| 


and so on. 
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The two-tone, nonharmonically related, modulated 
signal becomes 


e(t) = A. exp j(wt + By sin wt + B, sin Wt) - 


(os) 2 (3) 
A. > J, (B,) exp(jnw,t)} x oP J, (By) exp(jmu, t)| exp(jw, t) 
n=-o m=-0o 


In a similar way, it can be shown that when the 
carrier is modulated by nonharmonically related 
N-tone, 1, 2,..., N, with angular frequencies «,, 
@,,.. -, @,, and modulation indices be B., np de ike 
the instantaneous angular frequency becomes 


cos Wt + Aw,cos w.zt + ...+ Aw.cos w.t 


RCE) saa tate, 1 2 2 N N (4) 


where 


By ~ (Aw, /04), By =(hiy/W9) » -.., By = (Avy /wy) 


The modulated signal becomes 


2 a 


e(t) = A. ys (4) exp(jnjw,t) | x ys J, (4) exp(jn,, t) 


i he reer 
(5) 


io °) 


XK ae oN exp (jnyot) exp (wt) 
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As an illustration, we will use Equation (3) 
to manually calculate the beacon spectral compo- 
nents as applicable to Case 2 discussed in Table 2, 
assuming a cw tone containing the PSK telemetry 
channel power and a ranging cw tone at 27.7 kHz. 
Table 3 presents the components that are produced 
at the output of the phase modulator for this special 
case. 

It should be noted that with two-tone modu- 
lation, the power of the spectral components is re- 
duced when compared to a single-tone modulation 
case with the same modulation index. This is due to 
the fact that the power of each component is deter- 
mined by the product of two Bessel functions. For 
example, with a single-tone modulation index of 
1-1, J,(1-1) = 0:7196, resulting in a modulated car- 
rier power of —2.8 dB relative to the unmodulated 
carrier. With two-tone modulation, the modulation 
index should be chosen such that the modulated 
Carrier power (beacon power) is the same as in the 
case of single-tone modulation. This can be 
achieved by choosing 8, = 8, = 0.79 and hence 
J,(8,) = J,(8,) = 0.85, resulting in a carrier power 
(beacon power) —2.8 dB below the unmodulated 
carrier power, and the first sideband becomes 
[J,(8,) J,(8,)P = [0.3650 x 0.8500) =—10.2 dB, 
relative to the unmodulated carrier power. 


We will now calculate the beacon spectra for 
a simplified Case 2 with the following assumptions: 


¢ Beacon center frequency reference = 0 


¢ Relative location (f,) of ranging tone with respect 
to the beacon = 27.7 kHz 


* Relative location (f,) of PSK telemetry channel 


center frequency with respect to the beacon = 
64 kHz 


¢ Equal modulation indices (8, = 8,) = 0.79 
¢ Analysis bandwidth = +100 kHz 
¢ PSK subcarrier simulated by a cw tone 


The calculated spectral components for the 
above parameters are shown in Table 4. Table 4 
also illustrates the results obtained using the com- 
munication system simulator [5] for validating the 
simulator model. 

The last two columns in Table 4 show the 
comparison of the exact calculations and the com- 
puter simulation results of the trial solution under 
consideration. The Fast Fourier Transform (FFT) 
process is used in the simulation with finite sam- 
pling for the spectral analysis. As a result, FFT 
points do not always fall on the spectral peaks, and 
from Table 4 it is also noted that the exact values 
and the computer simulation results are very close. 


Table 3. 
Spectral Component Spectral power Power relative to unmodulated carrier [A,? 
components 5 
with two-tone ; 2 
Sess [J (81) J5(AQ) AQ] 


2 
[35(B,) J,(65)1 


Sidebands due to @, 


Sidebands due to w, 


[J (8,) J5(8,) AQ] 


2 
[J (B,) J5(B,) A.) 


Beat frequencies at 
w, tn@, tma, 


2 
[Je(Bpy 3 (8, )0An] 


2 fee ll ek 
2 

[J_(B,) J,(B5)1 

oe NE ee 

J Ve fe ale 

[J,(B)) J, (81) 


1 
2 
[J (A,) J,(B9)] 
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Table 4. 
Location, Spectral power Power relative 20-GHz beacon 
Components kHz relative to [A.}, dB to beacon, dB spectral power 
Manual Simulation (trial solution) 
calculations 

Carrier (unmodulated) 0.0 [A,17 0.0 
Beacon (modulated) 0.0 An*1Jo(81) 1o(82)17 2.8 0.0 0.0 
First S/B due 0, 2H Aq7td,(81) J4(82)1° —10.2 -74 13 
Second S/B due o, +55.4 Re? (2B) 3(82)1- ~24.0 e212 =545 bP) 
Third S/B due o, +83.1 Ag7013(By) Jo(B2)17 41.5 38.7 ~38.8 
First S/B due o, +64.0 Ret (185). (8701 ~ ~10.2 ~7.4 ~7.6 
Beat frequencies 
0 tno, tno, 

n=1,m=1; +91.7 Ae7 [J (By) J1(82)1° 175 -14.7 -15.0 


n=-l1,m=-l 


n=1,m=-1; +36.3 ActtSi(B}) J¢~138g)1> 17.5 -14.7 -14.9 
n=-l,m=1 

n=2,m=-l 8.6 Rec LIs(h ph opeistho lee e314 ~28.6 ~28.0 
n=2,m=-2 ~72.6 Kew CdgBo) J¢eay(Bo)i~ 45.2 42.4 =A? 
n=-2,m=-1 8.6 Aa “(5¢235 (21) d1C8g))~ 34 ~28.6 180 
n=3,m=-1 19.1 Ag? t¥3(B1) J¢-1)(8217 48.9 46.1 46.7 
n=3,m=-2 44.9 Ag*133(B1) Je-2)(B2))>  -=02.7 59.9 -59.7 
n=-3,m=1 -19.1 Ae7Cd¢-3)(81) 41682017 48.9 46.1 46.6 
n=-3,m=2 44.9 VARY SAGER RINE ED oe ae PR 59.9 59.1 
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In summary, the simulation method yields synthesizing the NRZ data. The parameters for the 
satisfactory results. All the cases mentioned in function and data generators are summarized in the 
Table 2 will now be examined using the computer parameter table provided in Figure 3. The ranging 
simulation via a Signal Processing Worksystem and data signal components are then combined to 
(SPW) [5]. yield 


Computer Simulation Method and Results 

The spectral analysis for the ACTS signal 
formats of Table 2 is performed using the SPW. A, R(t) sin (w,t) + Bz Sg(t) sin (wet) 
The SPW is used to model a signal synthesizer that 
generates signals with specified parameters and 
modulation formats. Without any loss of generality, 
the simulation and modeling of the signal synthe- 
sizer are performed at baseband since this requires 
a lower sampling frequency compared to the simu- R(t) = ranging signal 
lation at the beacon center frequency. Figure 3 
illustrates the block diagram of the implemented 
signal synthesizer. It consists of two major blocks (, = ranging signal center frequency 
for generating a ranging tone and a data compo- 
nent. In Figure 3, the ranging or placeholder tone 
is generated using two function generators that syn- 8, = ranging modulation index 
thesize the ranging center frequency and the rang- 
ing subcarrier frequency. The data component is 


where 
S,(Q = NRZ random data sequence 
®, = data component center frequency 


8, = data component modulation index 


at baseband. 


Fe Subcarrier 
sub 1 Function 
Generator 


synthesized using a function generator for the data The combined signal is then followed by the phase 
Ld g S g y the p 

center frequency and a random data generator for modulator, resulting in a complex baseband signal. 
Figure3. 8 0 RS ier ois aL eaihs be Ub Gal Gare 
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= Sar ey ees ee ae ogee ee ee eee er SS is a pe aR Parameter Table 
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| DATA SYNTHESIZER | sampling frequency 

| Fsub 2 Function No 

: - Generator & Fsypb 2 = data subcarrier frequency (cw) 

| | Rg = data rate 

| Bo | Ranging & Placeholder Parameters 

7 Ry deb anal NRZ | Fsub 1 = ranging subcarrier frequency 

| Generator | f{ = ranging center frequency 

bo. eb ants Se ee | 1 = ranging modulation index 


B2 = data modulation index 
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Figure 4 illustrates the system’s functional epeird lie pacer eect Fourier oe seks 4. 
block diagram; parameters presented in the figure Storage Transform Simulation 
correspond to Case 2 of Table 2. The implemented Analysis block diagram. 
models using SPW are digital; therefore, the sam- 
pling frequency for the system is selected to meet 
the Nyquist criterion [6] for the highest frequency Signal 
component in the analysis bandwidth (100 kHz). Specification 
Furthermore, the simulation period is chosen so 
that a minimum of 100 data symbols is simulated. HCE ALNS Ltes 

The synthesizer described above is used for Sampling frequency = 200 kHz 
analyzing the spectral properties of the ACTS sig- f, = 27.777 kHz (square wave, no subcarrier) 
nal formats at a sampling frequency of 200 kHz 
with a simulation period of 20,000 points and an Data Specification 
FFT length of 32,768 points. The results of the FFT Feu 2= 64.0 kHz (subcarrier frequency) 
analysis are presented in Figures 5, 6, 7, 8 and 9 for 
Cases 1, 2, 3a, 3b and 3c, respectively. Each figure ieee gos usta wo) 
also illustrates a summary of the signal parameters B, = Bp = 0.79 (modulation index) 
and the signal characteristics. Also presented in Simbiatonlencitit: 20 000 points 
these figures are the relative frequency and the 
peak power ratio of the spectral components down FFT length = 32,768 points 
to about 20 dB with respect to the beacon power. 

The results of the spectral analysis are di- 
rectly dependent on the modulation index. In this 
article, a modulation index of 0.79 was used for 
both the ranging and the data components. The re- 
tees pce acer Ace) si Need Relative Frequency With Attenuation With Respect to Figure 5. 
| | | | | Respect to the Beacon (kHz) the Beacon (dB) Baseband 

spectral 
32 64 aren raat characteristics 
: 4.0014 -19. 
Relative Frequency, kHz 0.0 (beacon) Som cearon! of Case 1. 
-64.08691 
-32.00073 

SIGNAL CHARACTERISTICS, 


CASE 1 OF TABLE 2 


f, =32 kHz (cw placeholder) 
fo =64kHz (PSK carrer) 
Rg = 1024 bps (PSK data rate) 


B; =B2 = 0.79 


Normalized FFT Magnitude, dB 


-100 -50 0 50 100 
Relative Frequency, kHz 
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Figure 6. 
Baseband 
spectral 
characteristics 
of Case 2. 


Figure 7. 
Baseband 
spectral 
characteristics 
of Case 3a. 
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SIGNAL CHARACTERISTICS, 
CASE 2 OF TABLE 2 


f, =27.777 kHz (square wave) 
fo =64kHz (PSK carrier) 
Ry = 1024 bps (PSK data rate) 


B; = 82 = 0.79 
Beacon Ranging Tone PSK-TLM (1024 bps) 
19 64 


Relative Frequency, kHz 


SIGNAL CHARACTERISTICS, 


CASE 3a OF TABLE 2 


f, = 19.0 kHz (ranging subcarrier modulated by 
35.4-Hz2 square wave) 
fo =64kHz (PSK carrier) 


Ry = 1024 bps (PSK data rate) 
B, = Bo = 0.79 


Relative Frequency With Attenuation With Respect to 
Respect to the Beacon (kHz) the Beacon (dB) 
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Relative Frequency, kHz +15.03296 of Case 3c. 
+64.0869 


SIGNAL CHARACTERISTICS, 
CASE 3c OF TABLE 2 


f, = 19.0 kHz (ranging subcarrier modulated by 
3968-Hz square wave) 

fo =64kHz (PSK carrer) 

Ry = 1024 bps (PSK data rate) 


B, =B2 = 0.79 


0.0 (beacon) 


Normalized FFT Magnitude, dB 
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sults presented here were compared to the experi- References 
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